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Cucumber mosaic virus (CMV) expressing the green fluorescent protein (GFP), and lacking either the 3a movement protein
or the coat protein (CP), failed to induce a hypersensitive response producing local lesions in inoculated leaves of
Chenopodium amaranticolor. Cytological analysis showed that both viral-encoded proteins are required for cell-to-cell
movement of the virus and the simultaneous appearance of cellular necrosis. In the absence of either or both proteins,
infection was confined to single, non-necrotized, epidermal cells. CMV with a mutation in the 3a protein (M8 CMV) could
infect tobacco systemically but did not induce necrotic lesions in C. amaranticolor. In this host, the mutated 3a protein was
unable to promote viral movement out of the initially infected epidermal cell. Movement-deficient CMV expressing wild-type
(WT) 3a protein as a fusion to the GFP, as well as WT CP, also failed to induce necrosis. Finally, single epidermal cells infected
with a movement-deficient CMV expressing WT 3a protein, WT CP, and free GFP did not show necrosis. These data indicate
that viral movement out of the initially infected epidermal cell, and not the simultaneous expression in this cell of the 3a
protein and the CP, is required for the induction of cell death. © 1999 Academic Press
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Many plants express mechanisms of resistance to
iruses that prevent further spread of viruses from the
nitial sites of infection. In some cases, these responses
nvolve the activation of programmed cell death, leading
o a localized necrosis (for a review, see Jones and
angl, 1996). This phenomenon is part of the so-called
ypersensitive response (HR). The cellular necrosis
lone does not prevent the spread of the virus. In nu-
erous cases, the virus was present in the immediate
on-necrotic tissue surrounding the necrotic lesion, but
nfection usually was unable to expand further (Culver et
l., 1991; Mur et al., 1997; for a review, see White and
ntoniw, 1991). In other cases, such as infection of the
reen cultivar of Chenopodium hybridum by brome mo-
aic virus (Flasinski et al., 1995) or infection of tobacco cv
amsun NN by a particular strain of alfalfa mosaic virus
Neeleman et al., 1991), both an HR in the inoculated
eaves and systemic infection throughout the plant oc-
urred. There thus are additional inhibitory responses
hat help establish systemic acquired resistance in the
nfected plants (Ryals et al., 1996). These pathogen-in-
ibitory responses can exist independently of the ne-
rotic response, as has been shown for tobacco mosaic
irus (TMV) in tobacco containing the N gene (Takusari
nd Takashashi, 1979) and for some mutants of cucum-
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74er mosaic virus (CMV) in cowpea (Kim and Palukaitis,
997).
The manner in which viral pathogens are recognized
y the plant and elicit an HR is not clear. It could be
irectly through a gene-for-gene product interaction or
ndirectly through the effect of some viral gene product
n physiological conditions within the infected tissues. In
ny case, it is known that early oxidative bursts are
equired for the induction of cellular necrosis and an HR
nd that they can also mediate the signaling that will
stablish the systemic acquired resistance (Alvarez et
l., 1998). These oxidative bursts can be induced not only
y biological pathogens but also by nonbiological, me-
hanical, or chemical stresses (Cazale´ et al., 1998).
In some virus–plant interactions, the genetic elicitors
f the HR have been identified. For example, in the case
f TMV, the activation of processes that led to an HR
ccurred through the N9 gene of tobacco and mapped to
he gene encoding the viral capsid protein (CP) (Culver
nd Dawson, 1989). Also, in the case of pepper mild
ottle virus, the viral CP is the elicitor of the HR in
epper through the L3 gene (Gilardi et al., 1998), whereas
he elicitation of an HR in cowpea by strains of CMV
apped to the viral 2a protein, which codes for the viral
olymerase (Kim and Palukaitis, 1997). Little is known
oncerning the role of viral movement and/or the type of
issue initially infected in the activation of an HR. To date,
his response has not been described at the cytological
evel using local movement-deficient viruses in hyper-
ensitive hosts.CMV is a messenger sense RNA virus with a divided
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75HYPERSENSITIVE RESPONSE TO CMVenome (i.e., the five viral genes are expressed from
hree genomic RNAs and the two subgenomic RNAs)
Palukaitis et al., 1992; Ding et al., 1994). The two genes
n RNA 3, encoding the 3a protein and the viral CP, are
oth required for CMV movement (Suzuki et al., 1991;
anto et al., 1997). In C. amaranticolor, CMV induces an
R in the inoculated leaf that limits the spread of the
irus. In this study, fluorescence microscopy and CMV
ariants expressing the jellyfish (Aequorea victoria)
reen fluorescent protein (GFP) were used to determine
he requirement for 3a protein, CP, and cell-to-cell move-
ent in the elicitation of necrosis in C. amaranticolor.
RESULTS
ellular necrosis is not induced in leaves of C.
maranticolor inoculated with CMV lacking
he 3a protein or the CP
CMV containing RNA 3 of either the Fny2 or LS2
trains infected Nicotiana benthamiana plants systemi-
ally, while producing only visible necrotic local lesions
n inoculated leaves of C. amaranticolor, with no sys-
emic infection (Figs. 1a, 1b, and 2, leaf a, and data not
hown). Inoculation with CMV transcript RNAs in which
ither the 3a or cp gene had been replaced by the gfp
ene failed to induce visible local lesions in C. amaran-
icolor (Figs. 1c, 1d, and 2, right half of leaf b and left half
f leaf d). These 3a-deficient or CP-deficient viruses were
nown to be confined to the inoculated cells in tobacco
nd N. benthamiana plants (Canto et al., 1997). However,
oinoculation of a 3a gene-deficient and a cp gene-
eficient RNA 3, in addition to transcript RNAs 1 and 2,
llowed limited viral cell-to-cell movement in these hosts
ue to the trans-complementation that occurred between
oth RNAs 3 for movement (Canto et al., 1997; Fig. 1e). In
. amaranticolor, this trans-complementation induced
isible, pinpoint lesions (Figs. 1e and 2, left half of leaf b).
he lesions were about one fifth the size of those in-
uced by the wild-type (WT) virus (Fig. 2, leaf a versus left
alf of leaf b). The difference in size between the lesions
nduced by the WT virus and those induced by the trans-
omplementation of 3a- and CP-deficient RNAs 3 is due
o the slower rate of cell-to-cell movement in the latter
ase (Canto et al., 1997). Thus, the 3a-deficient and
P-deficient viruses, which failed to move out of the
noculated cell in N. benthamiana plants, also failed to
nduce visible local lesions in C. amaranticolor.
Analysis at the cellular level using epifluorescence
icroscopy showed a correlation between virus move-
ent and the visual symptoms (Fig. 3). That is, in inoc-
lated leaves of C. amaranticolor, green fluorescence
as confined to single epidermal cells when infected by
iruses in which the gfp gene was substituted for either
he 3a gene or the viral cp gene, with no sign of cellular
ecrosis compared with healthy, mock inoculated leavesFigs. 3a and 3b versus 3d). However, when a 3a-defi- lient RNA 3 and a CP-deficient RNA 3 were coinoculated
together with transcript RNAs 1 1 2), local movement
ccurred. Specifically, clusters of several green fluores-
ent epidermal cells could be found surrounding a cen-
ral area of necrotic cells, which fluoresced orange with
he FITC/TRITC filter (examples shown in Figs. 3e–3g).
his necrotic area was much more apparent under epi-
luorescent light than using transmitted, visible light
Figs. 3e–3g, lower versus upper row). The lesions were
pparent under epifluorescent microscope at 8 days
ost-inoculation (p.i.) and remained essentially un-
hanged for the following period of observation (up to 21
ays p.i.).
The proportion of fluorescent clusters from the total
clusters plus isolated single fluorescent epidermal cells)
aried with each experiment, with a minimum of 0.1 and
maximum of 0.54. Thus the clusters are sites of infec-
ion in which two RNAs 3 were replicating within the
ame cell, whereas single fluorescent cells would rep-
esent those sites in which only one of the two RNAs 3
as present. Either virus movement out of the epidermal
ell or simultaneous expression in the cell of the 3a and
P together is required to elicit cell death in C. amaran-
icolor.
Some of the lesions were surrounded by a halo of
hlorosis visible with transmitted light (Figs. 3f and 3g,
rrowhead). This is similar to what was found in the
arger lesions induced by WT Fny-CMV, in which some of
hem also had a chlorotic halo (Fig. 3i, arrowhead). The
ignificance of the chlorotic halo is not known, although
ts absence in some cases indicates that it is not re-
uired for the HR.
he induction of cell death by CMV in inoculated
eaves of C. amaranticolor requires the spread of
irus outside the initially infected epidermal cell
A recombinant Fny-CMV (M8 CMV) encoding a 3a
rotein altered at amino acid positions 20 and 21 (both
sp to Ala) was able to spread systemically in tobacco
nd N. benthamiana, as did the WT virus (Fig. 1f and data
ot shown). However, this mutant virus was unable to
nduce any kind of visible local lesion in C. amaranticolor
Figs. 1f and 2, leaf c).
To determine what was occurring at the cytological
evel, a trans-complementation system for local move-
ent of GFP-expressing RNA 3 transcripts, similar to that
hown in Fig. 1e, was tested in the case of the mutant
irus M8 CMV. For this analysis, construct pL:3a/GFP
as replaced by construct pFL:(M8)3a/GFP (Fig. 1g). In
he latter construct the mutated section of the 3a gene
as substituted for that of a WT 3a gene (from LS-CMV)
n a construct also expressing GFP in place of the viral
P. As expected, no visible lesions were induced by
MV containing the two modified RNAs 3 in the inocu-ated leaf of C. amaranticolor (Figs. 1h and 2, right half of
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76 CANTO AND PALUKAITISeaf d). Analysis by epifluorescence microscopy showed
hat the infection always remained localized to single
FIG. 1. Schematic representation of the RNA 3 transcripts derived from t
nd necrotic local lesion induction in C. amaranticolor were either observ
and various RNA 3 transcripts derived from the following plasmid const
NA 3, respectively; pF:GFP/CP (c), generating a modified Fny-CMV RN
L:3a/GFP (d), generating a modified LS-CMV RNA 3 in which the gene enc
escribed in (c) and (d); pFny309(M8) (f), in which the encoded 3a protein
himeric Fny2/LS2 3a protein with the mutation (M8), and in which the c
hown in (c) and (g); pF:3a-GFP/CP (i), generating a modified Fny-CMV
LF:3a/GFP/CP (j), expressing the 3a protein and the CP from LS- and Fny-
. In some cases (e and j), some infection foci showed the (1) phenotypepidermal cells during the period of observation (up to 21 Tays p.i.) (Fig. 3j), in the same fashion as if only one of
he RNA 3 transcripts had been used (Figs. 3b and 3c).
rent CMV constructs used in this study. Cell-to-cell movement in tobacco
or not observed (2) after inoculation with Fny-CMV transcript RNAs 1 1
Fny309 (a) and pLSCMV3 (b), generating WT Fny-CMV and WT LS-CMV
which the 3a gene has been replaced by the gene encoding the GFP;
e CP has been replaced by the gfp gene; mixtures (e) from the constructs
tations at amino acids 20 and 21 (M8); pFL:(M8)3a/GFP (g), generating a
has been replaced by the gfp gene; mixtures (h) from the two constructs
ript RNA 3 that expresses the 3a protein as a fusion to the GFP; and
spectively, together with the GFP through an additional subgenomic RNA
ther foci showed a (2) phenotype.he diffe
ed (1)
ructs: p
A 3 in
oding th
has mu
p gene
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CMV, rehis absence of fluorescent clusters indicates that the
a
m
c
p
p
f
l
a
t
v
o
a
H
s
i
p
t
t
p
i
c
i
o
c
p
i
t
h
t
T
b
p
(
b
e
F
c
e
W
4
t
W
F
c
v
c
G
c
3
F
l
s
c
(
t
i
w
b
r
v
t
s
l
a
i
t
i
o
t
r
t
1
p
n
77HYPERSENSITIVE RESPONSE TO CMVltered 3a protein was unable to promote viral cell-to-cell
ovement in this host, and therefore infection remained
onfined to single cells, even when both RNAs 3 were
resent. Cellular necrosis was not observed.
The chimeric (LS/Fny) nature of the 3a protein ex-
ressed from construct pFL:(M8)3a/GFP does not inter-
ere with the biological properties of the 3a protein ana-
yzed here, because a similar chimera between WT Fny-
nd WT LS-CMV RNA 3 (containing the cp gene rather
han the gfp gene) showed competence in promoting
iral cell-to-cell movement in tobacco (construct pFLN3
f Zhang et al., 1994). Moreover, when inoculated to C.
maranticolor, the latter chimeric virus induced a visible
R in the inoculated leaf, similar to the WT virus (not
hown).
Epidermal cells of C. amaranticolor leaves were also
noculated with transcript RNA 3 derived from construct
F:3a-GFP/CP, which expresses the 3a movement pro-
ein as a fusion to the GFP (Canto et al., 1997; Fig. 1i),
ogether with transcript RNAs 1 1 2. These cells dis-
layed green fluorescence localized to the cell wall in
solated, individual cells when viewed by confocal mi-
roscopy (Fig. 3k). No sign of necrosis was found in the
nfected cell or in the surrounding tissue at the time of
bservation (4–8 days p.i.) using epifluorescence micros-
opy (not shown).
These data suggest that the expression of all viral
roteins in single epidermal cells is not sufficient for the
nduction of cell death. However, it is possible that mu-
ant M8 or the fusion of the 3a protein to the GFP may
ave caused conformational alterations in the 3a protein
hat prevented it from activating a cell death process.
herefore, construct pLF:3a/GFP/CP, which expresses
oth WT 3a protein and WT CP, was used because it
roduced both single-cell and multiple-cell infections
Fig. 1j). The latter were associated primarily with recom-
ination events that deleted the internal gfp gene (Canto
FIG. 2. Symptoms induced on leaves of C. amaranticolor after ino
ranscript RNAs 1 1 2 and transcript RNA 3 derived from constructs pF
pF:GFP/CP (left half of leaf b); construct pFny309(M8), encoding a 3a
L:3a/GFP (left half of leaf d); constructs pL:3a/GFP 1 pFL:(M8)3a/GFP
ecrotic local lesions on leaves b and e are indicated by arrowheads.t al., 1997). In tobacco protoplasts electroporated with any-CMV transcript RNAs 1 1 2 and RNA 3 derived from
onstruct pLF:3a/GFP/CP, both 3a protein and CP were
xpressed at levels comparable to those found for the
T virus or for constructs pF:GFP/CP or pL:3a/GFP (Fig.
, lane 5 versus lanes 2–4) expressed from the tricis-
ronic RNA 3 and the subgenomic RNAs (Fig. 5a, lane 2).
hen leaves of C. amaranticolor were inoculated with
ny-CMV transcript RNAs 1 1 2 and RNA 3 derived from
onstruct pLF:3a/GFP/CP, necrotic local lesions were
isually detectable at 14 days p.i. (Fig. 2, leaf e). However,
ytological analysis showed the presence of two types of
FP fluorescent foci: foci composed of single epidermal
ells, similar in aspect to those shown in Fig. 3a, 3b, or
c, and foci composed of clusters of cells (Table 1 and
ig. 3h). This is similar to what was observed in inocu-
ated tobacco leaves (Canto et al., 1997, and data not
hown). The presence of single fluorescent epidermal
ells in C. amaranticolor, with no associated necrosis
Table 1), indicates that expression of 3a protein and CP
ogether from the tricistronic RNA 3 was not sufficient to
nduce necrosis in single cells. However, in the foci in
hich necrosis was present, multiple cells were infected
y CMV, in which the internal GFP gene was deleted by
ecombination (Canto et al., 1997), and the ability of the
irus to move was restored. This was demonstrated by
he detection of WT-size RNA 3 in RNA isolated from
uch fluorescent clusters (Fig. 5b, lane 2 versus Fig. 5a,
ane 2).
These three analyses, in which all CMV replicase
nd movement proteins were expressed within the
nfected cell, showed that when the virus was unable
o move in a cell-to-cell manner, it was not able to
nduce necrosis. This indicates that viral movement
ut of the epidermal cell, rather than simply the simul-
aneous expression of both 3a protein and viral CP, is
equired for the elicitation of cellular necrosis in C.
with various CMV variants. Leaves were inoculated with Fny-CMV
leaf a); construct pL:3a/GFP (right half of leaf b); constructs pL:3a/GFP
n altered at amino acids 20 and 21 (both Asp to Ala) (leaf c); construct
alf of leaf d); or construct pLF:3a/GFP/CP (leaf e). Some of the pinpointculation
ny309 (
protei
(right hmaranticolor.
v
o
78 CANTO AND PALUKAITISFIG. 3. Fluorescence observed in CMV-infected C. amaranticolor epidermal cells. (a–h and j) Upper row shows the tissue viewed with transmitted,
isible light, whereas the lower row shows the same tissues viewed with epifluorescent light using an FITC/TRITC filter. (i) These images are shown
n left and right side, respectively. Note that with this filter fluorescence due to the GFP appears bright green, whereas necrotic tissues appear bright
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79HYPERSENSITIVE RESPONSE TO CMVDISCUSSION
Local movement of CMV in tobacco and in N.
enthamiana requires both the 3a protein and the viral
P (Suzuki et al., 1991; Boccard and Baulcombe, 1993;
anto et al., 1997). In hypersensitive hosts, the possible
ole played by local viral movement and the type of tissue
nitially infected in the activation of an HR have received
ittle attention.
Here we present cytological evidence that the elicita-
ion of the HR producing cellular necrosis in C. amaran-
icolor requires the virus to spread out of the initially
nfected epidermal cell. The individual expression of the
T viral proteins required for this viral cell-to-cell move-
ent was not sufficient for the induction of cellular ne-
rosis and HR in this host. Moreover, the simultaneous
xpression in the infected cell of the 3a protein and the
iral CP did not induce cell death as long as viral move-
ent did not occur. This was shown using a 3a protein
utant (M8), which, although capable of promoting viral
ell-to-cell movement in Nicotiana spp., was unable to do
o in C. amaranticolor. Additional independent evidence
omes from the observations using movement-deficient
MV expressing GFP and both WT 3a protein and WT
P. In a third case, the 3a protein was expressed as a
usion to the GFP. These viruses were all unable to
nduce necrosis during the time of observation. In the
ase of the virus with tricistronic RNA 3, there were
ecrotic local lesions present, but these lesions corre-
ated with the detection of recombinants in which the
nternal cistron was deleted and the ability to move
ocally was restored. The most significant observation
as the presence of single, infected epidermal cells in
range. Uninfected/healthy tissues appear as a dark brownish backg
ranscript RNA 3 derived from constructs pF:GFP/CP (a); pL:3a/GFP (b
LF:3a/GFP/CP (h, one lesion); pFL:(M8)3a/GFP 1 pL:3a/GFP (j); and p
ith WT Fny-CMV is shown (i). Samples were viewed at 12 or 13 days p.i
re photographs taken using an epifluorescent microscope, with the e
FIG. 4. Western blot analysis of the levels of accumulation of CP and
a protein. Membranes were probed with antisera against either the
P (a) or the 3a protein (b). Tobacco protoplasts were electroporated
ith Fny-CMV transcript RNAs 1 1 2 and RNA 3 derived from con-
tructs pFny309 (lane 2), pF:GFP/CP (lane 3), pL:3a/GFP (lane 4), and
LF:3a/GFP/CP (lane 5). Lane 1 contains uninfected protoplasts. Lane
shows molecular weight markers. The 3a protein from LS-CMV
igrated as a doublet.icroscopy. The bar represents 100 mm.hich necrosis was not induced, because in these cells
irus was replicating and all of the viral proteins were
eing expressed in their WT form. Unless the leaves of C.
maranticolor display a mosaic pattern in their HR to
athogens, these data indicate a requirement for the
irus to spread to activate the process of cell death.
Microscopic HRs in single epidermal cells have been
escribed in potato that expressed transiently a viral
rotein (Malcuit et al., 1999). In that case, coexpressed
FP served as marker of cellular viability. After a short
nitial period of accumulation, GFP fluorescence disap-
eared completely from the cell after 48 h from inocula-
ion, indicating that a cell death process was taking
lace (Malcuit et al., 1999). This is in stark contrast with
he accumulation and persistence of GFP that we find in
pidermal cells of C. amaranticolor infected with move-
ent-deficient CMV. There is the possibility that in the
nteraction of CMV with C. amaranticolor infection has to
rogress into mesophyll tissue for the activation of a
ell-death process. Alternatively, it is possible that the
nitially infected epidermal cell produces a diffusible sig-
al capable of triggering cell death in neighboring cells
ut only when they become infected with the virus. The
atter would explain observations from tobacco and cow-
ea protoplasts showing that no necrosis is induced
fter electroporation with TMV or CMV, respectively,
hereas these two viruses induce an HR in the corre-
ponding intact plants (Otsuki et al., 1972; Koike et al.,
977).
It remains to be determined which CMV-encoded pro-
eins act as elicitors of the HR in C. amaranticolor. This
ncludes not only the 3a protein and the viral CP but also
he proteins involved in viral replication, expressed by
iral RNAs 1 and 2, as well as the 2b protein. A CMV
utant containing a deletion in the N-terminal region of
he viral CP (amino acids 15–40), which prevented parti-
le formation, induced small chlorotic lesions in C. qui-
oa with no necrosis visually detectable, even though
he virus was still capable of some degree of cell-to-cell
ovement (Kaplan et al., 1998). This observation sug-
ests a direct role of the viral CP, possibly in the form of
irions, in the elicitation of the HR. However, a clear HR
ccurred with another CMV CP mutant that contained a
eletion of the 19 N-proximal amino acids of the viral CP
nd was also unable to form virus particles (Schmidt and
ao, 1998). The necrotic lesions formed by these two CP
utants, in which viral RNA packaging was compro-
ised and the rates of cell-to-cell spread were reduced,
Leaves were inoculated with Fny-CMV transcript RNAs 1 1 2, and
8)3a/GFP (c); pF:GFP/CP 1 pL:3a/GFP (e–g, three different lesions);
FP/CP (k). Mock-inoculated tissue is shown (d), and tissue inoculated
he exception of the image (k), which was taken at 6 days p.i. All images
n of (k), which is a digital image obtained by confocal laser scanninground.
); pFL:(M
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., with t
xceptio
w
v
r
r
i
H
p
f
1
e
(
v
t
a
d
d
d
s
a
h
(
m
o
t
H
s
e
c
3
v
a
r
a
o
v
i
m
q
e
m
C
n
w
a
p
c
m
i
c
o
i
t
l
a
o
r
V
(
f
s
1
i
p
3
a
G
R
s
f
a
t
R
p
w
t
G
i
80 CANTO AND PALUKAITISere smaller in C. quinoa than those induced by the WT
irus (Kaplan et al., 1998; Schmidt and Rao, 1998). The
esults from these N-terminal CP-deletion mutants with
educed rates of cell-to-cell spread suggest a possible
ndirect involvement of the viral CP in the elicitation of the
R through its role in local movement.
In tobacco mesophyll cells, the 3a protein localizes to
lasmodesmata, modifies their gating capacity, and traf-
ics through them into neighboring cells (Ding et al.,
995). This gating and trafficking also occurred in single
pidermal cells infected with movement-deficient CMV
Canto et al., 1997), and the trafficking occurred even in
irus-free epidermal cells expressing 3a protein from a
ransient expression vector (Itaya et al., 1997). In C.
maranticolor, the 3a protein also localized to plasmo-
esmata in single infected epidermal cells (Fig. 3k). The
etection, in some cases, of 3a-GFP protein in the epi-
ermal cells neighboring the initially infected cell (not
hown) suggests that in C. amaranticolor the 3a protein
lso modifies and traffics through plasmodesmata, as
as been shown for the same CMV construct in tobacco
Canto et al., 1997). These alterations of the plasmodes-
ata, within the infected area, might cause local physi-
logical changes that could activate the HR. It is known
hat alterations in ion fluxes are capable of triggering an
R in plant cells (Cazale´ et al., 1998). However, this
hould also apply to the movement-deficient CMV that
xpresses 3a protein (Figure 3b), but again no sign of
ellular necrosis could be found. As with the viral CP, the
a protein alone is not the elicitor of the HR.
In the case of the bromovirus cowpea chlorotic mottle
irus (CCMV), a virus with a similar genomic organization
s CMV that also causes an HR in C. quinoa, it was
FIG. 5. Northern blot analysis of the accumulation of CMV RNA. (a)
obacco protoplasts were electroporated with Fny-CMV transcript
NAs 1 and 2 plus RNA 3 derived from constructs pL:GFP/CP or
LF:3a/GFP/CP (lanes 1 and 2 respectively). (b) five necrotic lesions
ere isolated from leaves of C. amaranticolor inoculated with Fny CMV
ranscript RNAs 1 1 2 and RNA 3 derived from construct pLF:3a/
FP/CP (lane 2). Lane 1 shows the accumulation of WT CMV RNA in
noculated leaves of tobacco for comparison.eported that local movement occurred in this host in the cbsence of the viral CP (Rao, 1997). It appears that this
ccurred without induction of any detectable HR, either
isually or by epifluorescence microscopy. However, var-
ous genome reassortment and gene exchange experi-
ents between brome mosaic virus and CCMV in C.
uinoa demonstrated that the CP alone was not the
licitor of the HR, even in the presence of local viral
ovement (Allison et al., 1988; Osman et al., 1997).
learly some interaction must involve other viral compo-
ents, possibly the movement protein. It is not known
hether cellular necrosis occurs in C. quinoa infected by
movement-deficient CCMV with a deleted movement
rotein, in which infection remained confined to a single
ell, whereas it is known that CCMV defective in both
ovement protein and CP was confined to the initially
nfected cell (Rao, 1997), apparently without induction of
ellular necrosis. Therefore, the simultaneous presence
f both the movement protein and the viral CP of CCMV
n the infected cell appears to be required for the elici-
ation of an HR in C. quinoa, although the occurrence of
ocal cell-to-cell movement may also be a prerequisite,
s is the case for CMV. A similar process could be
perating in the interaction between CMV and C. ama-
anticolor.
MATERIALS AND METHODS
iruses, plasmid constructs, and plant inoculation
The virus inocula were either nonrecombinant virus
Fny- or LS-CMV) or RNA transcripts generated from the
ull-length cDNA clones pFny109 and pFny209, repre-
enting Fny-CMV RNAs 1 and 2 (Rizzo and Palukaitis,
990), plus RNA 3 transcripts generated from the follow-
ng clones: pFny309, pLSCMV3, pF:GFP/CP, pL:3a/GFP,
Fny309(M8), pFL:(M8)3a/GFP, pF:3a-GFP/CP, and pLF:
a/GFP/CP. The first two constructs correspond to Fny-
nd LS-CMV WT RNA 3, respectively. Constructs pF:
FP/CP and pL:3a/GFP contain sequences of Fny- or LS-
NAs 3, respectively, modified so that the gfp gene is
ubstituted for the viral 3a gene or cp gene, respectively
TABLE 1
Necrosis Induction in C. amaranticolor Infected with CMV RNAs 1
and 2 and RNA 3 Derived from Construct pLF:3a/GFP/CP
Experiment Necrosis2a,b Necrosis1a,c
1 57 32
2 8 44
3 30 62
a The green fluorescent foci and surrounding tissue were screened
or signs of necrosis at 11–15 days pi.
b Necrosis2 samples consisted of single green fluorescent cells.
c Necrosis1 samples consisted of (1–10) green fluorescent cells
djacent to or immersed in orange fluorescent (necrotic) clusters of
ells.
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81HYPERSENSITIVE RESPONSE TO CMVCanto et al., 1997). Construct pFny309(M8), contains
equences of Fny-CMV RNA 3 expressing a 3a protein
utated at amino acids 20 and 21 (both Asp to Ala) (Li,
995). Construct pFL:(M8)3a/GFP was obtained as fol-
ows: a DNA fragment, corresponding to the first 642
ucleotides of the viral RNA, was obtained after diges-
ion with BamHI and NheI of the full-length cDNA plas-
id pF309(M8). This DNA fragment was ligated into
lasmid pL:3a/GFP, previously digested with the same
nzymes to generate construct pFL:(M8)3a/GFP. This lat-
er construct also encodes a chimeric Fny/LS 3a protein
ith its C-terminal third coming from LS-CMV. Construct
F:3a-GFP/CP contains sequences of an Fny-CMV RNA
in which the gfp gene has been fused to the 39 end of
he 3a gene so that the two proteins are both expressed
s a single fusion product (Canto et al., 1997). Construct
LF:3a/GFP/CP contains sequences from both LS- and
ny-CMV RNA 3, expressing the LS-CMV 3a protein, the
ny-CMV CP, and free GFP, the latter through a new
ubgenomic RNA 4 (Canto et al., 1997).
The plasmids were linearized and the RNA transcripts
ere synthesized using T7 RNA polymerase as de-
cribed previously (Zhang et al., 1994). Transcript mix-
ures were concentrated by ethanol precipitation and
sed in mechanical inoculations on aluminum oxide-
usted leaves of C. amaranticolor or N. tabacum Samsun
N plants.
ucleic acid and protein analysis from inoculated
eaves and plant protoplasts
Plants N. tabacum cv Samsun NN or C. amaranticolor
lants were inoculated by gently rubbing the inocula
purified virus or transcript RNAs) onto aluminum oxide-
usted leaves. Tobacco protoplasts were isolated, and
06 protoplasts were electroporated with the correspond-
ng transcript RNAs as described previously (Canto et al.,
997). Inoculated leaves were sampled at 14 days p.i.
rotoplasts were harvested at 24 h postelectroporation.
otal nucleic acids were extracted and analyzed by
orthern blot as described previously (Canto et al., 1997).
otal proteins were extracted and analyzed by SDS–
AGE plus transfer to nitrocellulose membranes followed
y Western blotting as described by Sambrook et al.
1989). Membranes were probed with antisera against
he CMV 3a protein or CP as described previously (Gal-
n et al., 1994).
icroscopy: Detection of GFP fluorescence
Inoculated leaves were viewed under an epifluores-
ence microscope (Nikon). For GFP detection, an FITC/
RITC (rhodamine) multiband filter set was used (catalog
o. 51004; Chroma). Using this filter, GFP fluoresces
reen, whereas damaged or dead tissue fluoresces
right orange. Noninfected/healthy tissue appears as a
ark brownish background. Fluorescence was also de-ected using an MRC 1000 confocal laser scanning mi-
roscope (Bio-Rad) with excitation and emission at 522
m. In each inoculated C. amaranticolor leaf analyzed, at
east 100 green fluorescent foci (composed of either
ingle cells or clusters of cells) or the whole leaf, which-
ver occurred first, was scanned. Each experiment was
epeated at least two times.
Photographs on both nonfluorescent and FITC/TRITC
pifluorescence microscopy were taken with Kodak Ek-
achrome Elite 400 film using a microscope-coupled SLR
amera and an HFX automatic expometer (Nikon) at
ariable exposure times, depending on the intensity of
luorescence. Images from the confocal microscope
ere processed using Adobe Photoshop software
Adobe Systems).
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